Introduction
============

Vocal communication plays a central role in mediating conspecific social interactions in a broad range of species (Hauser, [@B35]). Amongst primates, vocal communication systems are ubiquitous and have clearly evolved in response to direct selection pressures on the species of this taxonomic group (Ghazanfar and Santos, [@B29]). Non-human primate vocalizations are produced in a diverse set of contexts and accordingly communicate a wide range of information to conspecifics (Seyfarth et al., [@B84]; Cheney and Seyfarth, [@B9],[@B10], [@B11]; Cheney et al., [@B12]; Zuberbuhler et al., [@B102], [@B101]). Despite the significance of vocal communication in primates, our understanding of how neural substrates in the cerebral cortex contribute to its various components is incomplete. In its most basic form, vocal communication consists of a combination of sensory (vocal perception) and motor (vocal production) events. Studies of vocalization processing consistently show responses in auditory and prefrontal cortices (Miller and Cohen, [@B56]), while evidence of the role cortex plays in vocal production is less clear. Historically, subcortical structures were thought to mediate primate vocal production (Jurgens, [@B40]), but more recent behavioral evidence suggests that the decision-making and vocal control involved in call production requires neural mechanisms more generally associated with cortex (Mitani and Gros-Louis, [@B61]; Suguira, [@B88]; Miller et al., [@B57]; Egnor et al., [@B19], [@B20]; Miller and Wang, [@B60]). Elucidating this issue requires more data on the role of cortex in vocal communication.

The earliest physiology studies on the neural basis of vocal communication focused on sensory neurons in the auditory cortex of awake squirrel monkeys (*Saimiri sciureus*; Wolberg and Newman, [@B100]; Newman and Wollberg, [@B69]; Winter and Funkenstein, [@B99]; Newman and Lindsley, [@B68]; Newman, [@B67]). Many of these studies sought to determine whether "call detector" neurons existed in this the auditory cortex. After several years, the line of work was abandoned in large part due to the lack of evidence for such neurons (Newman, [@B67]). But interest in the topic did not entirely abate. Several years later, Rauschecker et al. ([@B77]) recorded from neurons in both primary auditory cortex and lateral belt of rhesus monkeys (*Macaca mulatta*) during presentation of vocalizations to anesthetized rhesus monkeys. They observed that neurons in lateral belt were driven more strongly by complex stimuli such as vocalizations, while A1 neurons responded most strongly to pure tones. Neurons in A1, however, appear to encode acoustic features specific to vocalizations as well. Single-units in common marmoset (*Callithrix jacchus*) primary auditory cortex were shown to be more responsive to forward played vocalizations than those in reverse for their own species-specific calls, while cat auditory cortex neurons showed no difference between these two classes of marmoset call stimuli (Wang and Kadia, [@B95]). A multi-unit neurophysiology study of area CM in medial belt showed that neurons are responsive to species-specific vocalizations suggesting that several areas of primate auditory cortex are may contribute to aspects of vocalization processing (Kajikawa et al., [@B48]). Building on these neurophysiology studies, recent fMRI data from awake rhesus monkey auditory cortex showed evidence of a potential voice selective area in auditory cortex, similar to what is observed in humans (Petkov et al., [@B71]). The overall picture emerging from these studies is that primary auditory cortex and other areas of the superior temporal gyrus likely play a significant role in processing vocalizations.

Several studies of vocalization processing in prefrontal cortex suggest the involvement of neurons in this area as well (Romanski and Goldman-Rakic, [@B82]; Gifford et al., [@B31]; Romanski et al., [@B80]; Cohen et al., [@B14], [@B15]). Romanski et al. ([@B80]) presented awake rhesus monkeys with a large corpus of vocalizations, including multiple exemplars of individual call types. While there was little evidence of neurons selective for individual call types, data did indicate that many neurons could be driven by vocalizations. In a related study, Gifford et al. ([@B31]) presented awake rhesus monkeys with exemplars of vocalizations from two behavioral classes of sounds: low-quality food calls and high quality food calls. Behavioral studies showed that these classes of vocalizations were categorized as different based on the communicative content of the signal (high or low-quality food item) and not the acoustic structure (Gifford et al., [@B30]). Evidence suggested that the responses of prefrontal cortex neurons were related to the communicative content of the vocalizations rather than their acoustic structure. These studies suggest that neurons in ventrolateral prefrontal cortex are involved in several aspects of vocalization processing.

The exact role of cortex in primate vocal production is not clear. Early work using a combination of techniques showed that several subcortical areas, such as the periaqueductal gray, are involved in vocal production (Jurgens, [@B40]). This line of work has been used to argue for vocal control in primates being primarily mediated by subcortical areas (Hammerschmidt and Fischer, [@B33]; Jurgens, [@B42]), a marked distinction from humans. At least three sources of evidence, however, suggest that the story is more complicated. First, squirrel monkey PAG neurons exhibit vocalization correlated activity during vocal production, with changes in neural activity occurring before and/or during call emission (Larson, [@B51]). Larson and colleagues (Larson and Kistler, [@B52]; Larson, [@B51]), however, showed that PAG neurons also show correlated changes in activity related to respiration. As such, it is difficult to disambiguate whether the response during vocal production is specific to the motor act itself or more generally reflects the coordinated inhalation/exhalation and laryngeal movements necessary to produce a vocalization. The increase in PAG neuronal activity observed before vocal onset could simply reflect the fact that monkeys inhale just prior to vocalizing, while sustained activity could be related to the exhale. Moreover, PAG neurons show little correlation to particular acoustic features of a vocal signal (Jurgens, [@B41]), calling into question whether these neurons truly represent the vocalization structure. Second, lesions to PAG are reported to disrupt vocal production (Jurgens and Pratt, [@B45]). Because of the location of PAG in the motor pathway, it is not clear whether the effects of the lesions are due to a break down in control over vocal production or simply because PAG enervates a range of muscles that are essential to vocal production (Larson, [@B51]). In other words, the effects on vocal production from the lesion to PAG could occur because it effectively disrupts a top-down signal to produce a vocalization. Third, studies show that microstimulation of PAG elicits vocal production in non-human primates (Jurgens and Ploog, [@B44]), though a similar effect occurs in a range of mammalian species including humans (Jurgens, [@B40]). Unfortunately, the spectrograms of stimulation elicited vocalizations from this seminal paper in squirrel monkeys were not published making it difficult to assess the similarity between elicited and naturally produced calls (Jurgens and Ploog, [@B44]). As a whole, evidence does suggest that the PAG and other subcortical areas along the motor pathway that show correlated vocalization activity, such as cingulate cortex (Sutton et al., [@B89]; MacLean and Newman, [@B53]) which receives direct projections from motor cortex (Showers, [@B86]), clearly play some role in vocal production, but it remains unclear whether these substrates are the ultimate source of all vocal control. Missing are data that show which underlying neural structures mediate the more sophisticated elements of primate vocal production, such as the decisions for if, when and which call type to produce.

The primate frontal cortex controls a range of coordinated motor actions (Fuster, [@B26]), including human speech (Hickok and Poeppel, [@B36]). Therefore, it is unsurprising that several studies have sought to test whether these cortical substrates contribute to elements of vocal control in primates. Thus far, data have been mixed. Several studies lesioned the purported homolog of Broca\'s area in ventral premotor cortex and observed no changes in the monkeys vocalizations (Sutton et al., [@B89]; Aitken, [@B1]). These results were interpreted as evidence against a cortical involvement in vocal production, but there are two sources of data that should be considered before accepting this interpretation. First, a study by MacLean and Newman ([@B53]) showed that following frontal cortex lesions, squirrel monkeys did not produce normal vocal behaviors for the first 2 weeks. Following this time, however, vocal behavior returned to roughly normal levels. Although the authors argued that these data provided evidence against frontal cortex playing a significant role in vocal production, there is another interpretation that is more consistent with what is currently known about this area of cortex. If frontal cortex played no role in vocal production, monkeys in this study should have shown no changes in vocal behavior. Even if these changes occurred only during the first 2 weeks, we must conclude that the lesion to the population disrupted some functions involved in these behaviors. Work by Miller and colleagues show that neurons in prefrontal cortex are relatively plastic with respect to being utilized for a wide range of tasks (Freedman et al., [@B24]; Neider et al., [@B66]; Wallis and Miller, [@B93]). As such, the functions of the lesioned population may have been co-opted by neurons in the other hemisphere in order to continue the behavior. Second, although historically Broca\'s area has been lauded as a central locus for human speech and language production, this is not consistent with the modern understanding of the functional neuroanatomy of language (Hickok and Poeppel, [@B36]; Poeppel and Hickok, [@B76]). Rather, Broca\'s area is one substrate of a widely distributed cortical system underlying speech production. In fact, lesions to Broca\'s area do not cause Broca\'s aphasia (Mohr et al., [@B62]). Therefore, we may not expect that lesions to this area in non-human primates would necessarily result in a cessation or significant alteration of vocal production.

Several sources of evidence show that a series of subcortical substrates along the motor pathway are involved in vocal production. Missing, however, are data that address a central question about the source of vocal control and whether these mechanisms reside in neocortical substrates. The historic view of vocal production in primates being mediated largely by subcortical structures was consistent with behavioral evidence at the time showing no substantive vocal control and learning (Egnor and Hauser, [@B18]; Hammerschmidt and Fischer, [@B33]). More recent data, however, show this earlier view of primate vocal behavior is not entirely accurate. Several lines of work show that primates can exert control over their vocalizations along multiple parameters, including the timing and acoustic structure of the call (Mitani and Gros-Louis, [@B61]; Suguira, [@B88]; Miller et al., [@B57], [@B54],[@B55]; Egnor et al., [@B19], [@B20]; Miller and Wang, [@B60]). In fact, neurophysiological evidence shows a cortical mechanism to mediate auditory feedback for vocal control (Eliades and Wang, [@B22]). Evidence of vocal learning is also available in the form of dialects and vocal convergence (Elowson and Snowdon, [@B23]; Snowdon and Elowsen, [@B87]; De la Torre and Snowdon, [@B17]), though ontogenetic learning of call structure remains limited. The growing body of behavioral data suggest a more sophisticated system of vocal production for primates than was previously thought, providing a more substantive empirical basis for cortical control of vocal production.

Results from neural studies are consistent with these more recent behavioral data in implicating a role for cortex, particularly frontal cortex, in vocal production. Gemba et al. ([@B28], [@B27]) showed a change in field potentials from surface electrodes in prefrontal, premotor, and motor cortex of Japanese macaques (*Macaca fuscata*) that precede vocal production. Microstimulation of ventral premotor cortex in rhesus monkeys resulted in orofacial movements (Petrides et al., [@B72]). Although no calls were elicited during stimulation, the authors suggested that the observed facial movements were consistent with the articulation occurring during vocal production. A functional neuroanatomy study in squirrel monkeys showed that subjects elicited to vocalize by stimulating PAG exhibited an increase in 2-Deoxyglucose uptake not only in the typical subcortical areas, but dorsal frontal cortex as well (Jurgens et al., [@B43]). In order to resolve the standing debate, more data are needed that show whether populations of neurons in primate frontal cortex are directly involved in vocal production.

Our aim here was to identify the cortical substrates underlying vocal communication in common marmosets. We exclusively examined cortex for the following reasons. The role of cortex in the sensory aspects of primate vocal communication is well established by the aforementioned previous research. But few data are available that describe the contributions of cortex to vocal production. A growing body of data is beginning to suggest that mechanisms for various aspects of vocal control might require more sophisticated cortical mechanisms. More data, however, are needed to test this possibility. To this end, we quantified expression of the IEG cFos, a functional neuroanatomy technique (Clayton, [@B13]), in three areas of marmoset cortex -- frontal, temporal (auditory), and medial temporal -- during three aspects of vocal communication: vocal perception, vocal production, and antiphonal calling. The first two experimental conditions tested the cortical substrates underlying the sensory and vocal-motor components independently. As antiphonal calling is a natural vocal behavior involving the reciprocal exchange of vocalizations (Miller and Wang, [@B60]), this behavior allowed us to examine whether distinct changes occurred across the cortex during sensory--motor interactions. Much of our impetus for this study was to determine whether particular areas of marmoset cortex would be of interest for our future neurophysiology studies of vocal communication.

Materials and Methods
=====================

Subjects
--------

Six adult common marmosets (*C. jacchus*) served as subjects in this study. Two subjects contributed to each of the three test conditions: vocal perception, vocal production, and antiphonal calling. The common marmoset is a small-bodied (∼400 g), New World primate. This species' vocal communication system has been studied at both the behavioral and neural levels (Norcross and Newman, [@B70]; Wang et al., [@B96]; Miller and Wang, [@B60]; Pistorio et al., [@B75]; Wang, [@B94]; Miller et al., [@B54],[@B55], [@B59]). A small number of subjects were used due to the ethical concerns working with non-human primates. All experimental protocols were approved by the Johns Hopkins University Animal Use and Care Committee.

Behavioral procedures
---------------------

### Familiarization sessions

We familiarized subjects to the testing room over a period of 2 weeks. Each familiarization session lasted 60 min. For a familiarization session, we transported subjects directly from the home colony in a transport cage to the test room. Once in the test room, we placed subjects into a test cage. The test cage was situated 1m in front of a curtain, behind which we placed a free-field speaker (Cambridge Soundworks M80, Frequency Range: 40--22,000 Hz). During each familiarization session, we broadcasted phee vocalizations from subjects' cagemates in an interactive playback paradigm (Miller and Wang, [@B60]). Subjects were run on familiarization sessions until they exhibited no signs of anxiety in the test room. We determined this based on the number of alarm call vocalizations and frenetic behavior apparent during the sessions. Overall subjects were run on 5--7 familiarization sessions prior to testing. Following the final familiarization session, we did not remove subjects from the home colony for 3 days. On the fourth day, we conducted the "Test Session". We selected subjects for the different test conditions based on their behavior during these familiarization sessions. Those subjects who engaged in high levels of antiphonal calling were run in either the "*Vocal Production*" or "*Antiphonal Calling*" condition, while subjects who did not produce vocalizations during these sessions were run in the "*Vocal Perception*" condition.

### Test sessions

For these experiments, we sought to not disturb the typical behavioral patterns of subjects' prior to the test session. The logic here followed Jarvis et al. ([@B39], [@B38]) in that we aimed to have the least amount of sensory and motor activity that could induce unintended IEG expression prior to testing, while not altering subjects from their typical daily patterns. To this end we removed subjects from their home cages within 10 min of the beginning of the daily light cycle (7 am) on the day of the test session. As marmosets do not begin typical levels of vocal behavior within the first 30 min of the light cycle, removing the subjects during this time assured the lowest levels of IEG expression related to vocal communication. Following removal from the home cage, we immediately transported subjects to the test room and performed one of the following test conditions. The duration of each test session was 60 min.

### Test conditions

#### Vocal perception

Two subjects participated in this condition. In this condition, we presented subjects with phees produced by two foreign subjects (one male/one female). The presentation consisted of a phee vocalization being broadcast at a regular interval for the duration of the session. Specifically 100 phees were broadcast in the first 30 min and again in the final 30 min. In this sequence of vocalizations, we switched the identity of the caller every 20 vocalizations. The number of phees presented was meant to match the minimum number of vocalizations subjects heard during the "Antiphonal Calling" condition (i.e., 50 self produced and 50 stimulus presentations).

#### Vocal production

Two subjects participated in this condition. During this condition, we presented no vocalizations to subjects. But rather recorded subjects' spontaneous vocal behavior during the test session. When isolated, subjects produce phee vocalizations and this accounted for over 90% of vocalizations recorded during this condition. In order to proceed to the perfusion, we required subjects to produce at least 50 phee vocalizations during the first 30 min of the test session.

#### Antiphonal calling

Two subjects participated in this condition. Here we employed the interactive antiphonal calling playback paradigm for the duration of the test session (Miller and Wang, [@B60]). We presented subjects with phees produced by two foreign subjects (one male/one female). Specifically, we changed the identity of the caller following an antiphonal calling bout. Subjects heard approximately equal numbers of phees from each of the two foreign animal stimulus sets. In order to proceed to the perfusion, we required subjects to produce at least 50 phee calls during the first 30 min of the test session.

Immunocytochemistry
-------------------

Immediately following the end of the behavioral period on the test day, the animal was quickly anesthetized with ketamine, euthanized with pentobarbital sodium, and perfused transcardially with phosphate-buffered heparin solution followed by 4% paraformaldehyde. The brain was impregnated with 20% phosphate-buffered sucrose and then blocked and frozen at −80°C. We sectioned frozen blocks on a sliding microtome at 30 μm thickness and the tissue processed for several standard stains (AChE, CO, Nissl, etc.) and immunohistochemical reactions (calcium-binding proteins, neurofilaments, IEGs). Sections to be processed for cFos were incubated in 1° antibody (cFos, Santa Cruz Biotechnology) followed by 2° antibody (biotinylated α-rabbit, Vector Labs). Avidin was fixed by incubating in an avidin-biotin system (ABC peroxidase standard kit, Vector Labs). We reacted the sections in DAB/peroxide and counterstained with methylene blue. Tissue was mounted and sections visualized using a light microscope.

Data analysis
-------------

### Divisions of marmoset frontal cortex

In contrast to many other primates, frontal cortex of marmosets does not have prominent landmark sulci (Figure [1](#F1){ref-type="fig"}A; Petrides and Pandya, [@B73], [@B74]; Burman et al., [@B6]; Roberts et al., [@B79]). The lack of arcuate sulcus makes it particularly difficult to determine the anatomical boundary between prefrontal and premotor cortex. Previous anatomical studies of marmoset frontal cortex provided some evidence of the cytoarchitectural divisions in this cortical area (Brodman, [@B4]; Burman et al., [@B6]), but these boundaries are subtle and could not be readily identified in all subjects here. In light of these limitations, we divided frontal cortex into three regions along the rostral--caudal axis and partitioned these regions further along the dorsal--ventral plane (Figure [1](#F1){ref-type="fig"}A). Frontal cortex was considered the area rostral to motor cortex (Burman et al., [@B7]). For the rostral--caudal axis, each frontal region contained an equal number of sections. We divided the dorsal--ventrolateral axis by placing a midline along the lateral portion of each section. While the boundaries may not reflect the exact cytoarchitectural divisions in marmoset frontal cortex, partitioning the brain in this way allowed us, as a first step, to determine whether different regions of frontal cortex contribute to different functional aspects of vocal communication. Figure [1](#F1){ref-type="fig"}B shows the locations of the key immunoreactive populations found in frontal cortex in this study. Based on descriptions from previous research (Brodman, [@B4]; Burman et al., [@B6]), the two most rostral regions in our analysis (Frontal Regions 1 and 2) showing high levels of cFos expression likely correspond to ventral-prefrontal cortex area 12/45, whereas the populations in the most caudal region (Frontal Region 3) are likely premotor cortex areas 6V and 6D. Future research will aim to refine this analysis and ascertain the functional role and anatomical boundaries of these neuronal populations.

![**(A)** Schematic drawing of the marmoset cortex. For our analysis we divided the frontal cortex, defined as the area of cortex rostral to motor cortex, into three regions (1, 2, 3) along the rostral--caudal plane and two areas along the dorsal/ventrolateral plane. These divisions are shown in the drawing. For both B and C, the three behavioral conditions are plotted (Antiphonal -- black diamond; Vocal Perception -- open gray circle; Vocal Production -- filled gray circle). **(B)** Figure plot the mean percentage of immunoreactive neurons in the dorsal (above) area of the frontal cortex. Data are shown for each of the three frontal regions (1--3). **(C)** Figure plot the mean percentage of immunoreactive neurons in the ventrolateral area of the frontal cortex. Data are shown for each of the three frontal regions (1--3).](fnint-04-00128-g001){#F1}

### Divisions of auditory cortex

Following Kaas and Hackett ([@B47]), we divided auditory cortex into medial belt, core, and lateral belt. In this study, we quantified cFos expression in each of these three regions of auditory cortex. We also analyzed the data based on IEG expression in three subfields within these areas. Specifically, the core of auditory cortex is divided into three areas -- A1, R, RT -- along a caudal--rostral axis that can be identified physiologically (Bendor and Wang, [@B3]) and through cytoarchitectonic differences (Morel et al., [@B63]; Kaas and Hackett, [@B46]). Each of the belt areas also consists of three areas. The medial belt is comprised of CM, RM, and RTM, while the lateral belt consists of areas ML, AL, and RTL. A further caudal field, CL, also is evident in the lateral belt, but was not included in this study.

### Divisions of medial temporal lobe

We quantified cFos expression in five areas of marmoset medial temporal cortex. Within hippocampus, we examined CA1, CA3, and the Dentate Gyrus (Amaral and Witter, [@B2]). We further analyzed IEG expression in entorhinal and perirhinal cortex (Suzuki and Amaral, [@B90]). Although both these latter areas can be further divided into more specific fields, we observed no difference in IEG expression in these fields. As such, we do not distinguish between areas of medial and lateral entorhinal cortex or areas 35 and 36 of perirhinal cortex.

### cFos quantification

To quantify cFos expression, we conducted a stereological analysis of the tissue. Using Microbrightfield Stereoinvestigator, we employed the Optical Fractionator method (West et al., [@B98]; West, [@B97]). This method is used to systematically sample tissue sections and generate an unbiased estimate of immunoreactive cells. For this analysis, we used a 50 μm × 50 μm counting frame and sampled at 500 μm intervals. All sections were viewed at 100× magnification when counting immunoreactive neurons. An example of an immunoreactive neuron is shown in Figure [2](#F2){ref-type="fig"}.

![**Shows an example of an immunoreactive neuron viewed at the same magnification (100×) and window size (50 μm × 50 μm) that all stereology analyses were performed**.](fnint-04-00128-g002){#F2}

A preliminary test showed that a subject who produced 23 phee vocalizations and heard 30 phee presentations exhibited minimal cFos expression. As such, we created a baseline criterion for subjects in each condition to ensure measurable levels of cFos expression. Since this experiment was conducted on a non-human primate, we were not able to systematically test the number of vocalizations produced and perceived necessary to maximize IEG expression in each condition. Although some variability in the extent of cfos expression could be the result of each subject producing and/or perceiving different numbers of calls, this is unlikely to account for the pattern of results observed here for at least two reasons. First, work on songbirds shows that once a minimum threshold for stimulation has been reached, additional song presentations do not result in significantly greater IEG expression (Kruse et al., [@B49]). Given that subjects showed strong IEG expression in all conditions, it is likely that we exceeded the requisite threshold for common marmosets. Second, as discussed above, we normalized the cFos expression for each subject to account for any between-subject variability. As such, our analyses were conducted on the relative amount of IEG expression for each subject, rather than the absolute numbers of labeled cells. By normalizing the data in this way, we avoided biasing our analysis toward any subjects or conditions that may have produced or perceived more phee vocalizations.

### Statistical analysis

As this study consisted of a small number of subjects, controlling for variation in the total amount of immunoreactivity across subjects when testing for statistical differences was critical. When comparing across areas of the brain, we performed Repeated-measures ANOVAs on the raw data. This test reveals area-specific immunoreactivity while inherently controlling for between-subject variation. Importantly, all analyses in the manuscript utilizing Repeated-Measures ANOVAs were performed on the raw data.

Due to the small number of subjects, individual variation in total IEG expression could mask comparisons within particular areas of cortex. As such, we normalized the data by generating the percentage of immunoreactive neurons in a particular sub-area relative to the total number of neurons for that individual. This allowed us to observe the general pattern of cFos expression while adjusting for total number of immunoreactive neurons in that individual. We used these normalized data for comparisons between the experimental conditions within particular areas of cortex. To test for differences between conditions within areas, we computed a One-way ANOVA. Direct paired comparisons of each condition for a given area were analyzed using independent samples *t*-tests.

A Repeated-measures ANOVA showed no interaction between area of cortex, behavioral condition and hemisphere (*F*(40,120) = 1.16, *p* = 0.76) suggesting there is no difference in the pattern of activity in the two hemispheres of the brain across the test conditions. As such, we treated each hemisphere as an independent sample.

Results
=======

Overall, we observed differences in the pattern of cFos expression across the areas of cortex during the three test conditions. These different aspects of vocal communication elicited distinct genomic responses in each of the three targets areas of cortex -- frontal, temporal and medial temporal. Below we detail the observed changes in each of the areas of cortex studied here.

Frontal cortex
--------------

The pattern of cFos expression across frontal cortex was notably different across the behavioral conditions. With the exception of the rostral areas of dorsal frontal cortex, subjects in the Vocal Perception and Vocal Production conditions exhibited almost opposing cFos expression. In other words, areas in which Vocal Perception condition subjects exhibited high levels of expression, subjects in the Vocal Production condition showed low levels, and vice versa. Antiphonal Calling animals largely showed a combination of the two other conditions, though several areas showed increased or decreased levels of cFos expression suggesting of sensory--motor interactions.

Analyses showed a significant difference between the regions of frontal cortex and behavioral condition (*p* \< 0.0001) suggesting that the pattern of IEG expression in frontal cortex differed across the behavioral conditions (Figures [1](#F1){ref-type="fig"}B,C). We next analyzed the pattern of activity in each region of frontal cortex and compared IEG expression in the dorsal and ventrolateral areas. cFos expression was significantly different between the behavioral conditions in "Region 1" (*p* = 0.05), "Region 2" (*p* = 0.001) and "Region 3" (*p* = 0.001). These analyses suggest that the pattern of IEG expression was unique for each of the behavioral conditions.

We performed paired comparisons of the pattern of cFos expression across frontal cortex between the Vocal Perception and Vocal Production conditions. Our analyses show that cFos expression in these two conditions is strongly different (Figures [1](#F1){ref-type="fig"}B,C). Repeated-measures ANOVAs showed that cFos expression in the Vocal Perception and Vocal Production conditions across all six areas of frontal cortex was significantly different (*p* \< 0.0001) suggesting that the overall pattern of expression between these conditions was statistically different. Further analyses showed a significant difference in the pattern of expression in the dorsal area across frontal cortex between these conditions (*p* = 0.02), while the effect in the ventrolateral area approached, but did not reach statistical significance (*p* = 0.06). This suggests that different neural substrates underlie the individual vocal perception and production processes in marmoset frontal cortex.

Building on these analyses, we compared cFos expression in the Antiphonal Calling condition with the other two behavioral conditions. As a whole, the pattern of expression in Antiphonal Calling differed from the other two conditions, but some overlap in cFos expression was evident (Figures [1](#F1){ref-type="fig"}B,C). Comparisons with the Antiphonal Calling condition showed a significant difference in IEG expression across the frontal cortex between both the Vocal Perception (*p* \< 0.0001) and Vocal Production (*p* = 0.02) conditions suggesting the pattern of expression between these conditions was different. Across the dorsal region, cFos expression in the Antiphonal Calling condition was not significantly different than the Vocal Production condition, but approached significance in when compared with the Vocal Perception condition (*p* = 0.06). This suggests that the pattern of cFos expression in the Antiphonal Calling condition was more similar to the Vocal Production condition in the dorsal regions of frontal cortex. In the ventrolateral regions of frontal cortex, however, the cFos expression in the Antiphonal Calling condition was significantly different from both the Vocal Perception (*p* = 0.002) and Vocal Production (*p* = 0.005) conditions. These results suggest that the pattern of immunoreactivity in marmoset frontal cortex for subjects in the Antiphonal calling condition was distinct from both the two other behavioral conditions.

We next compared the pattern of expression within the individual areas of frontal cortex across the behavioral conditions. These analyses corroborated the above analyses by showing two general trends. First, cFos expression in the Vocal Perception and Vocal Production conditions was largely the opposite of each other. And second, cFos expression in the Antiphonal Calling condition reflecting both the two other behavioral conditions, but with a few unique patterns of expression (Figures [1](#F1){ref-type="fig"}B,C).

Figure [3](#F3){ref-type="fig"}A plots data for Frontal Region 1. While analyses showed no difference in cFos expression between the three behavioral conditions in the dorsal region or ventrolateral region was evident. We did observe a general increase in cFos expression in the Antiphonal Calling (*p* = 0.08) and Vocal Perception (*p* = 0.1) conditions relative to Vocal Production, but the analysis did not reach statistical significance. This suggests that conditions during which subjects were presented with phee stimuli trended toward an increase in cFos expression in the ventral area, though the small sample size precluded its statistical significance.

![**The number of immunoreactive neurons in the frontal cortex**. **(A--C)** Data from the three behavioral conditions are shown in box plots for the dorsal and ventrolateral areas for Frontal Regions 1--3. Each box plot shows the median and upper and lower quartiles; the whiskers plot the range. Statistically significant *p*-values for One-way ANOVA tests comparing cFos expression across the behavioral conditions within a region are noted. "\*" denotes significant differences in paired comparisons. (Ant, Antiphonal calling; Perc, Vocal perception; Prod, Vocal production).](fnint-04-00128-g003){#F3}

Figure [3](#F3){ref-type="fig"}B plots data for Frontal Region 2. Here analyses showed significant differences between the behavioral conditions in both the ventral (*p* = 0.03), but not dorsal region regions suggesting differences in the pattern of IEG expression was specific to the ventral area. Further analyses on the ventral area showed that subjects in the Vocal Perception condition exhibited a significantly higher number of immunoreactive neurons than both the Antiphonal Calling (*p* = 0.04) and Vocal Production (*p* = 0.03) conditions. These data suggest that the increase in cFos expression here was specific to the sole test condition in which subjects heard vocalizations, but did not utter vocal responses.

Figure [3](#F3){ref-type="fig"}C plots data for Frontal Region 3. Statistical tests revealed significant differences across the three behavioral conditions for only the dorsal (*p* = 0.02) regions suggesting a different pattern of IEG expression in each of the behaviors in this area. When we compared cFos expression in the dorsal region between the specific behavioral conditions, analyses revealed significantly fewer immunoreactive neurons in the Vocal Perception condition than in both the Antiphonal Calling (*p* = 0.04) and Vocal Production conditions (*p* = 0.02), though no difference was evident between these latter conditions. These data suggest that some aspect of vocal production is likely driving the gene expression observed in the dorsal area.

Auditory cortex
---------------

A Repeated-Measures ANOVA showed a significant interaction between the behavioral conditions and the areas of auditory cortex (*p* = 0.002) suggesting that the pattern of IEG expression in auditory cortex varied depending on subjects' behavior. Comparisons of the cFos expression across auditory cortex for each behavioral condition showed a significant interaction between the areas of auditory cortex and subjects in the Vocal Perception and Vocal Production conditions (*p* = 0.01). Interestingly, IEG expression in the Antiphonal Calling condition was significantly different across auditory cortex from the Vocal Production condition (*p* = 0.0001) but not the Vocal Perception condition. This suggests that cFos expression in the Antiphonal Calling and Vocal Perception conditions were statistically indistinguishable, but both are significantly different from the Vocal Production condition.

As shown in Figure [4](#F4){ref-type="fig"}, subjects in the Antiphonal Calling and Vocal Perception conditions showed a stronger genomic response across the auditory cortex. Figure [4](#F4){ref-type="fig"}A shows the mean \# of immunoreactive neurons counted in the medial belt for each of the three behavioral conditions. Analyses revealed a significant difference in cFos expression across the behavioral conditions in medial belt (*p* = 005). Figure [4](#F4){ref-type="fig"}B shows cFos expression in the auditory cortex core for the three behavioral conditions. In contrast to medial belt, no difference was observed across the three behaviors. Figure [4](#F4){ref-type="fig"}C shows data for lateral belt. Similarly to Medial Belt, cFos expression was higher in the Antiphonal Calling and Vocal Perception condition than Vocal Production, but here it did not reach statistical significance. These data suggest that cFos expression differed between the three behavioral conditions primarily in the medial belt of auditory cortex.

![**(Top) A schematic drawing of the auditory cortex**. The locations of the Medial Belt, Core, and Lateral Belt are highlighted. **(A--C)** Bar graphs plot the mean \# of immunoreactive neurons measured in the three behavioral conditions in each of these three areas of the auditory cortex. Statistically significant differences are noted. \[Ant, Antiphonal calling (gray bar); Perc, Vocal perception (black bar); Prod, Vocal production (white bar)\].](fnint-04-00128-g004){#F4}

Figure [5](#F5){ref-type="fig"}A plots data for three areas of medial belt: RTM, RM, and CM. We observed a consistent difference between cFos expression during the Vocal Production condition and both the Vocal Perception and Antiphonal Calling conditions. Analysis of cFos expression in each of the three areas of medial belt showed significant differences across the three behavioral conditions for all three areas: RTM (*p* = 0.03), RM (*p* = 0.01), CM (*p* = 0.02). Paired comparisons of each behavioral condition in each area showed that IEG expression in the Vocal Production condition was significantly less in two areas for both the Vocal Perception \[RTM (*p* = 0.03), RM (*p* = 0.01)\] and three areas for Antiphonal Calling \[RTM (*p* = 0.03), RM (*p* = 0.01), and CM (*p* = 0.01)\] conditions. IEG expression did not differ in any of these areas between the Vocal Perception and Antiphonal Calling condition. Overall, these data show that the number of immunoreactive neurons did not differ between the two conditions in which we presented phee calls (i.e., Vocal Perception and Antiphonal Calling), both of these conditions differed from Vocal Production subjects.

![**(Top) A schematic drawing of the auditory cortex**. The anatomical locations of the fields within the **(A)** Medial Belt (RTM, RM, CM), **(B)** Core (RT, R, A1), and **(C)** Lateral Belt (RTL, AL, ML) are shown. **(A--C)** Data from the three behavioral conditions are shown in box plots for each of the nine auditory cortical fields measured here. Each box plot shows the median and upper and lower quartiles; the whiskers plot the range. Statistically significant *p*-values for One-way ANOVA tests comparing cFos expression across the behavioral conditions within a region are noted. "\*" denotes significant differences in paired comparisons. (Ant, Antiphonal calling; Perc, Vocal perception; Prod, Vocal production).](fnint-04-00128-g005){#F5}

Figure [5](#F5){ref-type="fig"}B shows data for the three areas of the auditory core: RT, R, and A1. In contrast to the two belt regions, cFos expression was relatively similar in the core across the three behavioral conditions. Comparisons of the IEG expression in each of the three areas showed no significant differences between the conditions. This may occur because all conditions involved hearing vocalizations either by self-generation or external presentation, both of which are known to modulate neural activity in the marmoset primary auditory cortex (Wang and Kadia, [@B95]; Eliades and Wang, [@B21]).

Figure [5](#F5){ref-type="fig"}C plots data for three areas of lateral belt: RTL, ML, and AL. Similarly to medial belt, cFos expression in the Vocal Production condition was generally lower than in both the Vocal Perception and Antiphonal Calling conditions. Comparisons of IEG expression in each of the three areas of lateral belt showed significant differences across the behavioral conditions in only ML (*p* = 0.02), but showed no statistical difference in RTL or AL. Paired comparisons of the behavioral conditions for ML showed that subjects in the Vocal Production condition exhibited significantly less cFos expression than both the Antiphonal Calling (*p* = 0.02) and Vocal Perception (*p* = 0.008) animals. A similar pattern was observed in AL, though the effects did not reach statistical significance. As in the other areas of auditory cortex, the similar pattern of cFos expression in the Antiphonal Calling and Vocal Perception conditions is likely results from the sensory processing demands involved to hearing conspecific vocalizations.

Medial temporal cortex
----------------------

A Repeated-Measures ANOVA showed a significant interaction between the behavioral conditions and the areas of medial temporal cortex (*p* = 0.01) suggesting that the pattern of cFos expression differed across the behaviors in this area of the brain (Figure [6](#F6){ref-type="fig"}). When we contrasted IEG expression across all areas of medial temporal cortex, analyses showed a significant difference between the Vocal Production condition and both the Vocal Perception (*p* = 0.03) and Antiphonal Calling (*p* = 0.02) conditions. There was, however, no difference in the pattern of cFos expression between the Vocal Perception and Antiphonal Calling conditions. This suggests that as in auditory cortex, IEG expression in medial temporal cortex was statistically similar in the Vocal Perception and Antiphonal Calling conditions and both differed significantly from the Vocal Production condition.

![**The number of immunoreactive neurons in the medial temporal cortex**. (Top) A schematic coronal section of the medial temporal cortex areas examined here. (Below) Data from the three behavioral conditions are shown in box plots for each of the five medial temporal cortex areas measured here. Each box plot shows the median and upper and lower quartiles; the whiskers plot the range. Statistically significant *p*-values for One-way ANOVA tests comparing cFos expression across the behavioral conditions within a region are noted. \* -- denotes significant differences in paired comparisons. (Ant, Antiphonal calling; Perc, Vocal perception; Prod, Vocal production).](fnint-04-00128-g006){#F6}

Figure [6](#F6){ref-type="fig"} plots data for each area of the medial temporal cortex. Overall, cFos expression was lower in this area of the cortex than the two other areas examined in this study. The one area showing a notable genomic response was in perirhinal cortex, with subjects in the Antiphonal Calling conditions showing the highest level. Comparisons of the IEG expression within each of the five areas of medial temporal cortex measured in this study (i.e., CA1, CA3, dentate gyrus, entorhinal cortex, perirhinal cortex) showed significant differences between the behavioral conditions in only perirhinal cortex (*p* = 0.04; Figure [6](#F6){ref-type="fig"}). Paired comparisons of each of the behavioral conditions for the perirhinal cortex showed a significantly more cFos expression in the Antiphonal Calling condition than the Vocal Perception (*p* = 0.04) and Vocal Production (*p* = 0.05) conditions, but no difference between the Vocal Perception and Production animals. These data suggest that it is only during the active vocal behavior that a notable increase in cFos expression occurs in perirhinal cortex.

Discussion
==========

Executing complex behaviors involves the coordination of multiple areas of cortex (Fuster, [@B25]; Buzsaki, [@B8]). Vocal communication is no exception, particularly since both sensory and motor processes are inherent to these communication systems. A number of critical subcortical areas that significantly contribute to primate vocal communication have been identified in previous work (Jurgens, [@B40], [@B42]). The aim of this study was to identify how substrates in primate cortex might also contribute to elements of vocal communication. We quantified cFos expression during three aspects of vocal communication -- vocal perception, vocal production, and antiphonal calling -- in frontal, auditory, and medial temporal cortex in common marmosets. Our logic was the following. IEG expression in the vocal perception and vocal production conditions would reflect the substrates in marmoset cortex involved in the individual sensory and vocal-motor components of vocal communication. As antiphonal calling is an active communicative behavior requiring both the perception and production of vocalizations (Miller and Wang, [@B60]), the pattern of cFos expression during this condition would reveal any unique patterns of neural activity that occur in a vocal behavior as a result of sensory--motor integration. These data will be used to guide current neurophysiology recordings aimed at determining the neural mechanisms underlying marmoset vocal communication.

The pattern of IEG expression in frontal cortex suggests that different areas are involved in the sensory and vocal-motor components of marmoset vocal communication (Figure [1](#F1){ref-type="fig"}). In the two conditions in which subjects produced vocalizations, Antiphonal Calling, and Vocal Production, a significant increase in cFos expression in the dorsal premotor cortex occurred (Figure [3](#F3){ref-type="fig"}). Similarly, Jurgens et al. ([@B43]) showed significant uptake of 2-Deoxyglucose in squirrel monkey (*S. sciureus*) dorsal frontal cortex during vocal production. Although classically, the dorsal pathway of the cortex was thought to process spatial information (Ungerleider and Mishkin, [@B92]), more recent work suggests it is involved in various coordinated motor actions (Goodale et al., [@B32]; Murata et al., [@B64]; Rizzolatti et al., [@B78]), including speech production (Hickok and Poeppel, [@B36], [@B37]). Results here are consistent with this pattern and suggest that dorsal frontal cortex may play a role in the control and coordination of marmsoet vocal production. A second pattern emerging from the frontal cortex results pertained to the sensory aspect of vocal communication. Subjects in the Antiphonal Calling and Vocal Perception conditions showed increases in cFos expression in the rostral regions of ventral frontal cortex. This finding is consistent with previous work showing neurons in prefrontal cortex are involved in processing auditory signals, including vocalizations (Gifford et al., [@B31]; Romanski et al., [@B80]). Together these data suggest that different areas of marmoset frontal cortex are involved in the sensory and vocal-motor elements of vocal communication.

IEG expression in auditory cortex revealed several significant differences across the behavioral conditions. Analyses of the overall amount of cFos expression in core showed no differences across the behavioral conditions (Figure [4](#F4){ref-type="fig"}). This effect is likely the result of all three behaviors having some amount of sensory input either in the form of playback phee stimuli (Rauschecker et al., [@B77]; Wang and Kadia, [@B95]) and/or self-produced vocalizations (Eliades and Wang, [@B21], [@B22]), both of which are known to elicit responses in auditory cortex neurons. The effect in the two belt regions, however, was quite different. For these areas, IEG expression was significantly less in the Vocal Production condition than in both the Antiphonal Calling and Vocal Perception conditions. Earlier work suggests that neurons in lateral belt likely process more complex elements of vocalization structure (Rauschecker et al., [@B77]). As such, the diminished genomic response in the Vocal Production condition likely results from the lack of additional sensory processing needed in this behavior. The medial belt of auditory cortex has not been the subject of many neurophysiology studies due to its anatomical location within the lateral sulcus for many species (Kaas and Hackett, [@B47]). Our data here, however, suggest that it may play an important role in the vocal communication. Consistent with these data is a neurophysiology study reporting multi-unit responses to marmoset twitter calls in CM (Kajikawa et al., [@B48]). All three areas of medial belt showed significant cFos expression in both the Antiphonal Calling and Vocal Perception conditions (Figure [5](#F5){ref-type="fig"}) suggesting that medial belt in general, and CM more specifically, may contribute to the critical sensory recognition underlying many aspects of vocal communication.

Analyses revealed less overall cFos expression in the medial temporal lobe relative to the other two areas of cortex studied here. Despite the limited genomic response, one notable result did emerge in perirhinal cortex (Figure [6](#F6){ref-type="fig"}). Here our analysis showed a significant increase in cFos expression in both the Antiphonal Calling and Vocal Perception conditions relative to the Vocal Production condition, with Antiphonal Calling subjects showing the strongest response. This is significant because it suggests that a significant IEG response was elicited only during behaviors in which subjects heard conspecific vocalizations. As perirhinal cortex is thought to play a role in forming associations and recognition memory (Tokuyama et al., [@B91]; Brown and Aggleton, [@B5]; Naya et al., [@B65]), the increased expression of cFos found in the present study may result from the recognition demands of the sensory-driven vocal behaviors studied here. Since the Antiphonal Calling condition elicited the strongest, it may be that the functional contribution of this area is strongest during behaviors involving active conspecific social interactions. More explicit tests of this hypothesis are necessary before a strong conclusion can be drawn however.

The existence of immunoreactive neurons in frontal cortex for vocal communication, particularly the vocal-motor aspects, is noteworthy given the history of this field. Likewise it is not surprising and consistent with previous work (Jurgens et al., [@B43]; Petrides et al., [@B72]). In fact, recently Jurgens ([@B42]) argued for a cortical pathway underlying vocal production. But he argues that the pathway is specific to the more sophisticated learned vocalizations which primates generally lack. This position is somewhat puzzling given that his own work shows the activation of frontal cortex in monkeys vocalizing from PAG stimulation (Jurgens et al., [@B43]), but the real source of contention may not be a product of the neural data. Rather it appears to be due to differences in interpreting the available behavioral data. As elegantly reviewed elsewhere (Egnor and Hauser, [@B18]), the view that primate vocalizations are largely innate and reflexive is inconsistent with current data. Certainly data do show that changes in the acoustic structure of vocalizations during ontogeny are limited (Hammerschmidt et al., [@B34]), but not all together absent (Seyfarth and Cheney, [@B83]). Ontogenetic vocal production learning, however, is but one function of the primate vocal-motor system. Evidence of learning and behavioral control is available for many other aspects of this system (Elowson and Snowdon, [@B23]; Mitani and Gros-Louis, [@B61]; Suguira, [@B88]; Snowdon and Elowsen, [@B87]; Miller et al., [@B57]; Egnor et al., [@B19], [@B20]; Miller and Wang, [@B60]; De la Torre and Snowdon, [@B17]). Even if the basic acoustic structure of a call is innately determined, the vocal behaviors themselves are not. Primates must decide if (Miller and Wang, [@B60]), when (Egnor et al., [@B20]) and in what context (Seyfarth and Cheney, [@B83]) to produce calls. Controlling these aspects of vocal behavior would likely require the more complex cortical mechanisms used to guide other coordinated motor actions (Shadmehr and Wise, [@B85]). It is these processes that may be driving the IEG response in cortex observed during the vocal-motor conditions here. While non-human primates certainly lack the extent of vocal learning and control seen in human primates, it would be inaccurate to claim it is completely absent. Moreover, we should not limit our view of vocal production to the acoustic structure of the vocalizations, as the vocal behaviors appear to be guided by far more sophisticated mechanisms, ones likely requiring cortical control.

Several interesting patterns emerged in this study that may elucidate neural networks underlying aspects of vocal communication in primate cerebral cortex (Figure [7](#F7){ref-type="fig"}). Antiphonal calling was the only behavior studied here that involved both the sensory and vocal-motor demands of vocal communication as well as the various higher-level processes, such as decision-making and vocalization categorization (Miller et al., [@B58]; Miller and Wang, [@B60]). IEG expression during this condition yielded evidence of a pathway for call recognition and categorization. Three areas, specifically, that showed an increased genomic response during antiphonal calling were ventrolateral prefrontal cortex, CM, and medial belt more generally, as well as perirhinal cortex. Anatomical evidence in primates shows direct connections between ventrolateral prefrontal cortex and rostral auditory cortex, including medial belt (Romanski et al., [@B81]). Further, a direct connection between entorhinal cortex and CM was recently reported (de la Mothe et al., [@B16]). Though connections between auditory cortex and perirhinal have not been reported, entorhinal, and perirhinal are adjacent in the medial temporal lobe and share many synaptic connections (Suzuki and Amaral, [@B90]). In addition, evidence from rodents shows a connection between perirhinal and frontal cortex for acoustic signals indicating a potential functional connection between these areas (Kyuhou et al., [@B50]). Interestingly, subjects in the Vocal Perception condition showed a similar pattern of IEG expression, though for most of the areas the extent of expression was somewhat weaker. The genomic response in the Vocal Production condition, however, was significantly weaker across all of these areas. These data suggest that the pattern of expression across these areas is driven largely by the sensory demands of auditory behaviors and the active need to utilize the functional demands of this sensory pathway, such as during antiphonal calling, increases the IEG response.

![**Summary of results**. Schematic drawings of the areas of the marmoset cortex from which IEG expression was measured here. The drawing of the whole marmoset cortex to the left shows the Frontal Cortex and Auditory Cortex, while the schematic of the medial temporal cortex is shown to the right. Circles placed in each of the individual areas reflect the mean number of immunoreactive neurons measured. The number of immunoreactive neurons each circle size represents is shown in the key at the top right. Data are shown for each of the test conditions: **(A)** Antiphonal Calling, **(B)** Vocal Perception, and **(C)** Vocal Production.](fnint-04-00128-g007){#F7}

Limitations of the current study
--------------------------------

It is important to note that the scope of this study was limited in the following three ways. First, we used only a small number of subjects; two subjects contributed to each of the three test conditions. Although we will quantify the effects observed in the test conditions, more subjects are needed to refine the specific functions of the different areas exhibiting changes in neural activity across the conditions. Second, we may have biased the results by preselecting subjects based on their volubility for particular experimental conditions. Specifically, subjects were screened before testing to determine whether the particular animal produced high numbers of call spontaneously since there are large individual differences for this behavior in marmosets. Subjects who produced few or no calls were used in the vocal perception condition. It is possible that these individuals also possessed other behavioral traits that would affect the pattern of observed cFos expression. Third, the anatomical organization of marmoset frontal cortex is not well established. Although some previous work is available describing cytoarchitectural differences for areas of frontal cortex (Burman et al., [@B6]), many of these areas were not apparent in our sections for all animals. Because of the observed inconsistencies between subjects, we analyzed IEG expression by dividing frontal cortex into six regions (Figure [1](#F1){ref-type="fig"}A) along the rostral--caudal and ventral--dorsal planes. Although this allowed us to normalize frontal cortex across subjects, this analysis precludes specific claims about the functionality of particular areas during vocal communication. The data do, however, provide an assessment of regions of interest for future more detailed neurophysiology studies. Despite these limitations, the data presented here still have value as a starting point for more detailed neuroanatomical and neurophysiological investigations currently being conducted.

Conclusion
----------

Research on the neural mechanisms underlying primate vocal communication has been underway for several decades. While work on the sensory aspects of vocal communication have made significant progress in parsing the relative contributions of the auditory system for vocalization processing, data on vocal production are less clear. There is, on some level, an inconsistency between earlier neurophysiology evidence and more recent studies showing control and flexibility in vocal behaviors not previously thought to exist. The functional neuroanatomy findings presented here show that multiple areas of marmoset cortex play a functional role in vocal communication. Although several caveats limit the breadth of the conclusions drawn here. At the very least, however, data presented in this study identify a series of neural substrates in marmoset cortex that appear to contribute to the different sensory and vocal-motor aspects of vocal communication. Future work will build on the results of this functional neuroanatomy study and record the activity of neurons in each of the key areas revealed here in order to refine our understanding of their role in vocal communication.
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